Acylation of anisole with 2-phenylbutanoic acid derivatives, over zeolite catalysts, gives the corresponding 4-acyl derivatives with high regioselectivity. In an analogous way, 2,3-dihydrobenzofuran reacts with acid anhydrides or chlorides in the presence of catalytic quantities of zeolites to give the corresponding 5-acyl-2,3-dihydrobenzofurans. The zeolite can be recovered, regenerated and used again to give almost the same yield as with fresh zeolite. The reaction has been applied to the synthesis of ethyl (2,3-dihydrobenzofuran-5-yl)glyoxylate.
Introduction
Friedel-Crafts acylation reactions are among the most important for synthesis of aromatic ketones. 1 In order to allow the reaction to proceed at satisfactory rates, activators such as Lewis acids or other co-catalysts are usually needed. Unfortunately, use of such activators involves a number of problems. For example, the activators may be needed in more than stoichiometric amounts. Work-up usually leads to loss of activator and generation of large quantities of corrosive and toxic wastes. Moreover, reactions are often not clean and lead to the production of mixtures of products with low selectivity.
The use of recoverable and regenerable solid catalysts such as zeolites can overcome many problems of these types. For example, we have shown that zeolites or other solids can have advantages in alkylation, 2 allylation, 3 bromination, 3,4 chlorination, 6,7 methanesulfonylation 8 and nitration 9-14 of aromatic compounds. Therefore, the development of new heterogeneous catalytic procedures for acylation of organic compounds has become a priority for the chemical industry, 15, 16 and acylation of aromatic compounds over zeolites has been the subject of a number of reports.
17 Indeed, such a process has been commercialised. 18 We have also shown that it is possible to achieve high yield acylation of aromatic ethers with acetic anhydride and other simple anhydrides under modest conditions over zeolite Hβ.
19, 20 For some potential applications in the fine chemicals/ pharmaceuticals area, however, the reactions would need to involve more complex ethers and/or more complex acylating agents, not necessarily available in anhydride form. In this paper we report on the regioselective acylation of anisole and 2,3-dihydrobenzofuran over zeolites with more complex acylating agents.
Results and discussion
Recently, we showed that anisole is acetylated with acetic anhydride over zeolite Hβ to give 4-methoxyacetophenone in 98% yield after 2 h at 120 ЊC. 19 1-(4-Methoxyphenyl)-2-phenyl-1-butanone (2) is a useful pharmaceutical intermediate and is usually produced under Friedel-Crafts conditions using AlCl 3 as activator. Our aim was to develop a more environmentally benign route to this intermediate utilising solids as catalysts. We now report success in this endeavour. The 2-phenylbutanoylation of anisole (1) with various acyl derivatives over a large pore zeolite (Hβ) and a clay (K10, an acid-treated montmorillonite) afforded 2 (eqn. (1)) in good yields (Table 1) .
It is clear from the results recorded in Table 1 that 2-phenylbutanoyl trifluoroacetate, formed in situ from 2-phenylbutanoic acid and trifluoroacetic anhydride, was the most effective reagent, giving a 96% yield of 2 after 4 h at reflux over Hβ in dichloromethane as solvent. A lower degree of acylation occurred with 2-phenylbutanoyl chloride, giving a 43% yield after 5 h at 85 ЊC over Hβ, while hardly any reaction occurred with 2-phenylbutanoic acid. From Table 1 , it appears that the order of the reactivity of acylating agents used is: mixed anhydride with trifluoroacetic anhydride > simple anhydride, acid chloride > carboxylic acid.
Samples of zeolite HY and clay K10 that were recovered from reactions depicted in eqn. (1) were regenerated by calcination at 400 and 110 ЊC, respectively and reused in reactions that were identical to the ones from which the samples were recovered. In all cases the yields were virtually the same.
(1) We were also interested to study the reactions with more complex substrates, in particular 2,3-dihydrobenzofuran. We have already shown that acetylation of 2,3-dihydrobenzofuran (3) using acetic anhydride over Hβ (0.5 g per 10 mmol of 3) at 120 ЊC for 1.5 h gave 5-acetyl-2,3-dihydrobenzofuran in 95% yield. 20 Therefore, we first examined various more complex anhydrides for the regioselective acylation of 3 over various types of solid catalysts in the absence of solvent (eqn. (2) ). The results obtained are given in Table 2 .
It was clear from the results that Hβ is not as effective as a catalyst for reactions involving more hindered anhydrides (90% yield after 1.5 h when R = Et, compared to 29% after 4.5 h when R = Ph or Bu t ). However, HY showed a modest improvement (40 and 57%, respectively for R = Ph and Bu t after 4.5 h). In some cases a better yield was achieved over K10 (73% yield after 5 h when R = Ph), while with the more hindered anhydride (R = Bu t ), K10 gave a lower yield than Hβ. A very low degree of acylation occurred with trimethylacetic anhydride over synclyst (an amorphous silica-alumina) under the same conditions, and trifluoroacetic and trichloroacetic anhydrides did not react at all over zeolite Hβ under mild conditions. The order of activity of various catalysts in the reaction of 3 with the hindered anhydrides appeared to be HY > Hβ > K10 > synclyst. Clearly, both HY and Hβ catalyse reactions reasonably effectively, but K10 is more variable in its effect. Both HY and Hβ zeolites have 12-T ring apertures, but the faujasite zeolite (Y) has an aperture diameter of 7.4 Å, whereas zeolite β has pore diameters of 7.0 × 6.4 Å and 5.5 × 5.5 Å, respectively. Therefore, the adsorption of both benzoic and trimethylacetic anhydrides into the pores of zeolite Hβ is restricted, which may be the cause of the lower yields of product.
Samples of zeolites HY and Hβ that were recovered from the reaction depicted in eqn. (2) were regenerated by calcination at 400 ЊC and reused in reactions that were identical to the ones c Reaction mixtures were purified by short path distillation or flash column chromatography and solids were crystallised from appropriate solvents.
from which the samples were recovered. In all cases the yields were virtually the same.
Attention was next turned to the acylation of 3 using ethyl oxalyl chloride as acylating agent to produce ethyl (2,3-dihydrobenzofuran-5-yl)glyoxylate (5), which is an useful pharmaceutical intermediate. The Friedel-Crafts acylation of 3 with ethyl oxalyl chloride in the presence of AlCl 3 , which is a typical process such as might be used commercially, gave the desired product 5 in 88% yield (eqn. (3)).
The aim of this work was, therefore, to develop a more attractive alternative to traditional Friedel-Crafts acylation methodologies, by using heterogeneous catalysts to promote the acylation of 3 using ethyl oxalyl chloride. Initially, a range of solids, which included large pore zeolites (HY, HX, Hβ, H-mordenite); a medium pore zeolite (HZSM-5); an amorphous synclyst; K10 and KSF clays; and a sulfonated cross-linked polystyrene resin (Amberlyst-15), was screened. It was noticed that no reaction took place at room temperature with any of these catalysts, only unreacted 3 being detected by GC. Therefore, a further series of experiments was conducted at higher temperatures (50-100 ЊC) using the same catalysts. A trace amount of the desired product 5 (<0.3%) was detected from the reactions catalysed by HY and synclyst at 50 ЊC, while the use of Hβ (eqn. (4)) gave the desired product 5 in 1-10% yield (Table 3) .
Although the yield of 5 achieved at elevated temperatures was still very low, the results showed that the yield increased with reaction temperature. It therefore seemed reasonable to investigate the variation of other reaction parameters, and the effect of solvent at different reaction times and temperatures over Hβ was next studied. The results obtained are given in Table 4 .
The results in Table 4 reveal that the yield of 5 can be increased to ca. 20% when reactions are carried out in chlorinated solvents under reflux conditions for prolonged periods, but this is still far from satisfactory. Since a greater quantity of zeolite catalyst should cause the reaction to proceed at a faster rate, a series of reactions in which the amount of zeolite Hβ was increased was next conducted. The results are shown in Table 5 . From the results in Table 5 , it is clear that the yield of 5 was greater when a greater amount of Hβ was used. This can be ascribed to the increase in number of acid sites and pore cavities available. However, on the assumption that the rate of reaction should depend linearly on the amount of catalyst, it would appear that the extent of reaction did not increase as rapidly as might have been expected with the increased amount of catalyst. The reasons for this were not obvious at this stage, though it was noted that the recorded mass balances (the sum of the yields of product 5 and recovered starting material 3) were quite low with the larger quantities of zeolite.
In order to observe the effect of the amount of acylating agent on the reaction, a series of reactions was conducted using an excess amount of ethyl oxalyl chloride (20.0 mmol) in different amounts of solvents and over various reaction times. The results are shown in Table 6 .
A slightly better yield (51%) was achieved by carrying out the reaction under reflux conditions for 168 h in chloroform (10 ml) over Hβ (2.0 g). The results showed that by carrying out the reaction in a high boiling solvent (chlorobenzene) for a prolonged period of time, in addition to the lowest yield being obtained, a considerable decrease in the total mass balance was observed. This is in agreement with the results tabulated in Table 4 . Although Hβ had proved to be the most effective catalyst at low temperatures, it was not clear that this would be true at the more elevated temperatures currently being used. Therefore, the effect of catalyst type on yield was investigated using various types of solid catalysts in refluxing chloroform. The results are shown in Table 7 . From the results it is clear that none of the other catalysts give results comparable with those of Hβ.
Detailed study of the results recorded in Table 7 revealed very low mass balance figures calculated by GC analysis of certain reactions. For example, a total mass balance of 76% was obtained when a reaction was catalysed by HY (Table 7) . Similarly low mass balance figures for other reactions prompted us to investigate further. The Hβ-catalysed reaction mixture was therefore worked up and purified by kugelröhr distillation to remove the unreacted starting material. The crude distillation residue was purified by flash column chromatography to give three isolated by-products, identified as compounds 6-8.
The structures of compounds 6-8 were confirmed by NMR and mass spectra. The structure of compound 7 was further confirmed by synthesis. Reaction of two mole equivalents of 3 with one mole equivalent of oxalyl chloride in dichloromethane at room temperature and in the presence of AlCl 3 as a catalyst afforded compound 7. Data obtained from the NMR and mass spectra of the isolated product matched the data for that isolated as a by-product from the Hβ-catalysed reaction mixture. The formation of compound 6 appeared to involve attack of a further molecule of DHBF (3) on the ketone carbonyl group of 5 to give compound 9, followed by reduction. However, the mechanism of the reduction step remains unknown. Intermediate 9 could also be the precursor for compound 8. It is also conceivable that compound 9 could be formed via a benzilic acid type rearrangement from compound 7, followed by transesterification.
Since the processes involved in formation of the by-products 6-8 involve reaction of 5 with excess DHBF, the key to preventing formation of such by-products would be to avoid having excess DHBF present in the reaction vessel. In an attempt to eliminate the formation of the by-products, therefore, a variety of different experimental procedures was investigated. The results obtained are shown in Table 8 .
It is clear from Table 8 that addition of DHBF over a longer period of time leads to a significant improvement in the total amount of compounds 3 and 5 that can be accounted for. The improvement in mass balance was observed because an excess of DHBF was avoided, thus reducing the chance of further reaction between it and the product 5. Further improvement in mass balance was achieved when ethyl oxalyl chloride was used in excess and as the solvent. Finally, a further improvement in yield was achieved by use of a larger amount of catalyst. Thus, when the reaction was carried out for 168 h under reflux conditions in ethyl oxalyl chloride (30 ml) as solvent and over Hβ (5.0 g) as catalyst, the desired product 5 was formed in 73% yield and no other product was seen, the remaining mass balance being made up by unreacted DHBF.
Conclusion
The acylation of 2,3-dihydrobenzofuran (DHBF) with simple anhydrides over zeolite Hβ occurred readily over short reaction h DHBF added over a period of 96 h under reflux conditions using ethyl oxalyl chloride (20.0 ml) as a solvent.
i DHBF added over a period of 96 h under reflux conditions over Hβ (5.00 g) using ethyl oxalyl chloride (30.0 ml) as a solvent.
times under relatively mild conditions, giving the corresponding aromatic ketones regioselectively in good yields. In addition, yields of products obtained from reaction between DHBF and bulkier acylating agents such as trimethylacetic and benzoic anhydrides were improved upon by employing large pore zeolites and clays for longer reaction times. The procedure was also applied in the synthesis of ethyl (2,3-dihydrobenzofuran-5-yl)glyoxylate. Under conditions similar to those described above, the yield of acylation product was low. The yield could be improved under forcing conditions, but by-products involving further reaction with DHBF then began to accumulate. A high yield of the desired product could be obtained by conducting the reaction in ethyl oxalyl chloride as solvent at a high temperature for a prolonged period in the presence of a large quantity of catalyst. Consequently, there is still room for improvement in the clean and selective synthesis of that compound.
The solid catalyst can be recovered and reused with the avoidance of the toxic waste generated by traditional Lewis acid catalysts, which may help to make the process environmentally and commercially attractive.
Experimental
Commercially available starting materials (Aldrich) were used as supplied. Acid anhydrides (Aldrich, 99%) were refluxed overnight over P 2 O 5 and distilled under dry N 2 . Commercial zeolites were purchased from Aldrich Chemical Company or provided as a gift by Zeolyst International (formerly PQ zeolites). All solids were freshly calcined prior to the reaction by heating in air at 400 ЊC for a minimum of 6 h and cooled to room temperature in a desiccator over silica gel. GC was carried out using a PU 4400 Gas Chromatograph (Philips) fitted with a RTX-1 fused silica capillary column (30 m × 0.32 mm ID) with dimethylpolysiloxane bonded phase. Hexadecane was added as an internal standard to allow quantification.
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13 C NMR spectra were recorded on a Bruker spectrometer operating at 400 MHz for 1 H and 100 MHz for 13 C measurement. Chemical shifts are reported in parts per million relative to tetramethylsilane. Low-resolution mass spectra were recorded on a VG 12-253 spectrometer, electron impact (EI) at 70 eV and chemical ionization (CI) by use of ammonia as ionizing gas. Elemental analyses were obtained from the laboratories of the University of Wales, Cardiff.
Typical reaction procedure
Quantities are recorded in the footnotes of the appropriate tables. All reactions were carried out in a 25 ml round bottomed flask fitted with a magnetic stirrer. Freshly calcined solid catalyst, acylating agent and aromatic substrate were added. The mixture was stirred at the appropriate temperature for the appropriate reaction time in the presence or absence of solvent. At the end of the reaction, the reaction mixture was diluted with ether or CH 2 Cl 2 , then filtered under vacuum. The filtrate was washed with distilled water (2 × 25 ml) and saturated NaHCO 3 solution (2 × 25 ml). The organic layer was dried (MgSO 4 ), filtered and the solvent evaporated under reduced pressure. Quantitative analysis was achieved for the product mixture by GC. The product was purified by column chromatography if necessary. Further purification was achieved by recrystallisation when necessary. Confirmation of the product was achieved by use of NMR and mass spectral data. 
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